Diverse technologies are currently available for diseases diagnostics in laboratory environments. Culture remains the gold standard of bacteriological diagnosis despite being moderately sensitive, time-consuming and expensive. Culturing also requires specific laboratory infrastructure as well as trained operators. Rapid antigen tests have been described to provide modest diagnostic sensitivity, particularly for vaccinated populations, but they can deliver results in minutes with relatively simple equipment and are less expensive than culture. Tests that are based on nucleic acid amplification (NAAT), such as PCR, are available for many infectious diseases. PCR techniques provide high accuracy with a time to results of few hours and allow multianalyte testing. However, these techniques involve performance of thermal cycling amplifications in high-precision instruments. Such equipment is bulky, expensive and complex to operate, requiring specially trained operators and stringent conditions of laboratory compartmentalization. All these factors constrain performance of PCR out of centralized laboratories.

An ideal diagnostic test should meet the 'ASSURED' criteria: affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and delivered to those who need it (accessible quality-assured diagnostics -- 2009 annual report) [\[1\]](#CIT0001). Less than US\$10 per test and less than US\$500 per device could be considered affordable prices for developing countries [\[2\]](#CIT0002). New directions are being explored to improve accessibility, rapidity and simplicity of diagnostic tests. Advances in microfluidics and miniaturization of signal detectors have allowed the integration of molecular diagnostics into microscale lab-on-a-chip devices that perform all necessary PCR steps automatically, from sample intake to cell lysis, DNA extraction, purification and amplification. However, there continues to be a gap between first-generation PCR-based point-of-care (POC) tests and ideal 'ASSURED' tests in terms of portability, affordability and instrumentation requirements.

Isothermal DNA amplification technologies are emerging as a promising driver of molecular POC diagnostics aiming to meet 'ASSURED' attributes. Such techniques have been reported to have analytical sensitivities and specificities comparable to PCR and a higher tolerance to inhibitory compounds, while allowing shorter time to results easier use. Some of these chemistries have the capability of processing raw samples directly without previous DNA purification, thus contributing increased simplicity and additional reductions in cost and time [\[3\]](#CIT0003).

Although currently isothermal reagents are not cheaper than those for PCR, isothermal techniques avoid the use of bulky, complex and expensive devices in contrast to PCR. Additionally, some of these techniques do not require DNA purification, allowing the use of raw samples. Therefore, isothermal assays pave the way for the development and introduction of inexpensive POC devices with prices that will progressively tend to be closer to lateral flow antigen tests than to PCR.

For example, a device for the detection of Salmonella by PCR (TaqMan^®^ Salmonella enterica Detection Kit; Thermo Fisher Scientific, Life Technologies; CA, USA) costs about US\$20,000--30,000, whereas a device for detection of the same pathogen by recombinase polymerase amplification (RPA) (TwistFlow^®^ Salmonella kit, TwistDx; Cambridge, UK) is estimated to cost US\$4500. It is also remarkable that those isothermal techniques processing raw samples skip purification steps, reducing by US\$4--10 the total cost per sample in comparison with PCR. Overall, isothermal techniques have the potential to make performance easier, bringing additional savings in labor costs.

Diverse studies have described the evolution of isothermal molecular techniques [\[4,5\]](#CIT0004 CIT0005). This review describes the state-of-the-art and new directions in the development of isothermal amplification technologies for diagnosis of infectious diseases with particular focus on those susceptible to be integrated in inexpensive molecular POC tests. Most promising techniques, their basic design, state of development and applications are classified and discussed. We also provide a glimpse at the evolution of these applications in the near future and the barriers to overcome for their successful deployment.

Molecular isothermal techniques currently used for diagnosis {#S0002}
============================================================

Nucleic acid sequence-based amplification {#S0002-S2001}
-----------------------------------------

Nucleic acid sequence-based amplification (NASBA) [\[6\]](#CIT0006) and related techniques, such as transcription mediated amplification [\[7\]](#CIT0007) and self-sustained sequence replication [\[8\]](#CIT0008), were the first isothermal amplification reactions mimicking retroviral RNA replication. Emergence of HIV in the 1990s propelled the development of more rapid and reliable HIV detection by NASBA in the early dawn of isothermal NAATs [\[9\]](#CIT0009). NASBA is based on three different enzymes participating in the amplification process ([Supplementary Figure 1](http://informahealthcare.com/doi/suppl/10.1586/14737159.2014.940319/suppl_file/10.1586/14737159.2014.940319_suppl.doc); supplementary material can be found online at [www.informahealthcare.com/suppl/10.1586/14737159.2014.940319](http://www.informahealthcare.com/suppl/10.1586/14737159.2014.940319)).

The range of currently commercialized NASBA tests covers solutions integrated into a lateral flow format method (named 'oligochromatography') and fluorescent detection assays [(Table 1)](#T0001). Among NASBA tests, PANTHER (Gene-Probe) system and TGRIS devices are already available for fully automated process from sample to result. However, because of their large volume and weight, as well as long time consumed to results, such solutions cannot be characterized as ASSURED tests.
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###### 

**Main marketed diagnostic test based on isothermal techniques.**

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Target**                   **Amplex Biosystem**\                                               **Eiken Chem. (LAMP)**   **Biomerieux (NASBA)**   **Twistdx (RPA)**   **Envirologix (NEAR)**   **Coris bioconcept (NASBA)**   **Meridian Bioscience (LAMP)**   **Gen-Probe (TMA)**   **BioHelix^†^ (HDA)**   **Alere (NEAR)**   **BD Probetec (SDA)**
                               **(LAMP)**                                                                                                                                                                                                                                                                                          
  ---------------------------- ------------------------------------------------------------------- ------------------------ ------------------------ ------------------- ------------------------ ------------------------------ -------------------------------- --------------------- ----------------------- ------------------ -----------------------
  *Bacteria*                                                                                                                                                                                                                                                                                                                       

  *A. baumannii*               √                                                                                                                                                                                                                                                                                                    

  *Campylobacter*                                                                                  √                                                                                                                                                                                                                                

  *Chlamydia trachomatis*                                                                                                                                                                                                                                         √                                                                √

  *Clavibacter michiganesis*                                                                                                                                             √                                                                                                                                                          

  *Clostridium difficile*                                                                                                                                                                                                        √                                                      √                                           

  *Enterovirus*                                                                                                             √                                                                                                                                                                                                       

  *Escherichia coli O157*                                                                          √                                                                                                                                                                                                                                

  Group A Streptococcus                                                                                                                                                                                                          √                                                                                                  

  Group B *Streptococcus*                                                                                                                                                                                                        √                                                                                                  

  *Legionella* sp.                                                                                 √                                                                                                                                                                                                                                

  *M. tuberculosis*                                                                                                                                                                                                                                               √                                                                 

  *Mycoplasma pneumonia*                                                                                                                                                                                                         √                                                                                                  

  *Neisseria gonorrhoeae*                                                                                                                                                                                                                                         √                     √                                          √

  *Salmonella* sp                                                                                  √                                                 √                   √                                                                                                                                                          

  *Staphylococcus aureus*                                                                                                   √                                                                                                                                                           √                                           

  Virus                                                                                                                                                                                                                                                                                                                            

  *Herpes simplex* Type 1&2                                                                                                 √                                                                                                                                                           √                                           

  HIV                                                                                                                       √                                                                                                                                     √                     √                                           

  HPV                                                                                                                                                                                                                                                             √                                                                 

  *Human papillomavirus*                                                                                                    √                                                                                                                                     √                                                                 

  *Influenza* A&B *virus*                                                                                                                                                                                                                                                                                       √                   

  Listeria monocytogenes                                                                           √                                                                                                                                                                                                                                

  Parasite                                                                                                                                                                                                                                                                                                                         

  *Cryptosporidium*                                                                                √                                                                                                                                                                                                                                

  Giardia                                                                                          √                                                                                                                                                                                                                                

  *Leishmania* sp.                                                                                                                                                                                √                                                                                                                                 

  *Plasmodium* sp.                                                                                 √                                                                                                                                                                                                                                

  *Trichomonas vaginales*                                                                                                                                                                                                                                         √                                                                 

  *Trypanosomabruceil cruzi*                                                                                                                                                                      √                                                                                                                                 

  *Others*                                                                                                                                                                                                                                                                                                                         

  *Carbapenemase resistant*    √                                                                                            √                                                                                                                                                                                                       

  Red snapper                                                                                                                                        √                                                                                                                                                                              

  Amplex Biosystem             [www.hyplex.info/](http://www.hyplex.info/)                                                                                                                                                                                                                                                         

  Eiken Chemical Co.           [www.eiken.co.jp/en/](http://www.eiken.co.jp/en/)                                                                                                                                                                                                                                                   

  Biomerieux                   [www.biomerieux.com/](http://www.biomerieux.com/)                                                                                                                                                                                                                                                   

  Twistdx                      [www.twistdx.co.uk/](http://www.twistdx.co.uk/)                                                                                                                                                                                                                                                     

  Envirologix                  <http://envirologix.com/>                                                                                                                                                                                                                                                                           

  Coris bioconcepet            [www.corisbio.com/](http://www.corisbio.com/)                                                                                                                                                                                                                                                       

  Meridian bioscience          [www.meridianbioscience.com/](http://www.meridianbioscience.com/)                                                                                                                                                                                                                                   

  Gen-Probe                    [www.gen-probe.com/](http://www.gen-probe.com/)                                                                                                                                                                                                                                                     

  Biohelix                     [www.biohelix.com/](http://www.biohelix.com/)                                                                                                                                                                                                                                                       

  Alere                        [www.alere-i.com/](http://www.alere-i.com/)                                                                                                                                                                                                                                                         

  BD Probetec                  [www.bd.com/](http://www.bd.com/)                                                                                                                                                                                                                                                                   
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^†^Discontinued.

HDA: Helicase-dependent amplification; LAMP: Loop-mediated isothermal amplification; NASBA: Nucleic acid sequence-based amplification; NEAR: Nicking and extension amplification reaction; RPA: Recombinase polymerase amplification; SDA: Strand displacement amplification; TMA: Transcription mediated amplification.

Some attempts have been made for developing POC tests based on NASBA. An integrated system combining RNA purification (previously extracted from bacteria), NASBA and amplification detection [\[10\]](#CIT0010) was described for detection of *Escherichia coli* RNA. Recently, advances toward a 'sample-in, answer-out' NASBA POC instrument have been done integrating preconcentration, nucleic acid extraction, amplification and real-time fluorescent detection into a single sample device [\[11\]](#CIT0011).

Strand displacement amplification {#S0002-S2002}
---------------------------------

Strand displacement amplification (SDA) is an isothermal amplification method that combines the action of a restriction endonuclease and the strand displacing DNA polymerase to amplify a DNA target sequence [\[12\]](#CIT0012) [(Supplementary Figure 2)](http://informahealthcare.com/doi/suppl/10.1586/14737159.2014.940319/suppl_file/10.1586/14737159.2014.940319_suppl.doc). The amplification reaction takes place at low astringency conditions (37°C), which produce nonspecific primer binding and nonspecific amplification, as occurs in the case of NASBA. Such mechanism is especially problematic for diagnostic devices utilized in clinical environments since samples contain more abundant human DNA than the desired target. Additionally, initial amplification time of 2 h makes SDA inadequate for POC applications.

At present, a laboratory diagnostic device named BD ProbeTec™ ET system for *Chlamydia trachomatis* and *Neisseria gonorrhoeae* detection is in commercialization by BD Diagnostics. Nonetheless, this device requires intensive hand labor [(Table 1)](#T0001). Approaches to SDA integration into a POC device have been done through development of an automated instrument combining sample preparation from whole cells, SDA and detection [\[13\]](#CIT0013). Long time for detection (2.5 h) is an obstacle for using SDA in ASSURED tests.

Loop-mediated isothermal amplification {#S0002-S2003}
--------------------------------------

Loop-mediated isothermal amplification (LAMP) [\[14\]](#CIT0014) is one of the most widely described one-step amplification techniques. This technology is based on the strand-displacement activity of the Bst DNA polymerase, which avoids a continuous DNA amplification reaction. Four primers are necessary for the reaction: F3/B3, FIP/BIP [(Figure 1A)](#F0001); additional LF/LB primers accelerate the reaction [\[15\]](#CIT0015) [(Figure 1B)](#F0001). This pool of primers combined with the restrictive annealing and a reaction temperature of 60--65°C makes the reaction highly specific, allowing an 'amplification is detection' scheme in 15--60 min [\[16\]](#CIT0016). The common template for LAMP is DNA, but RNA template could also be detected by adding the reverse transcriptase together with DNA polymerase. This specific variant has been termed reverse transcriptase loop-mediated isothermal amplification (RT-LAMP) [\[17\]](#CIT0017).

![**Loop-mediated isothermal amplification.** For clarity, only the process initiated in one strand is shown. **(A)** Primer design with inner primers (F1c-F2 and B1c-B2) and outer primers (F3 and R3). Loop primers are not shown. **(B)** Amplification process. (1) F2 region of the FIP primer anneals with DNA template by its homologous sequence (F2c) and strand extension take place by the polymerase. (2) DNA polymerase synthesizes a new strand from F3 and displaces the previous DNA strand. (3) F1c segment of F3 primer hybridizes with F1. At other end, B3 and BIP primers hybridize with their homologues sequences and process 1 and 2 are repeated. (4) Formation of loop DNA molecule. (5) DNA molecule steam loops on both ends enter in a cycling step and a concatemere final product with several inverted repeats is produced (6).](IERO_A_940319_F0001_B){#F0001}

White precipitates of magnesium pyrophosphate produced during LAMP reaction allow turbidimetric detection of DNA amplification by both qualitative visual methods and real-time quantitative turbidimetry [\[18\]](#CIT0018). Several detection methods such as intercalating fluorescence dyes [\[19\]](#CIT0019), lateral flow [\[20\]](#CIT0020), bioluminescence [\[21\]](#CIT0021) and electrochemical [\[22\]](#CIT0022) detection have been performed. In addition, Tomita *et al*. developed a simple visual detection method [\[23\]](#CIT0023) that could be useful especially in developing countries. A recent multiplexing assay permits real-time detection of 1--4 target sequences in a single LAMP reaction tube utilizing a standard real-time fluorimeter [\[24\]](#CIT0024). Similarly, a 3-plex LAMP has been developed in order to detect influenza A (H1 and H3) and B [\[25\]](#CIT0025).

LAMP does not need initial denaturation at 95°C to allow strand separation, which is an interesting characteristic for POC applications. Nevertheless, higher levels of sensitivity (both analytical and diagnostic) have been obtained when including heating denaturation [\[26\]](#CIT0026) with detection limits as low as one copy per reaction [\[27\]](#CIT0027). Importantly, the Bst DNA polymerase used in LAMP reaction shows high tolerance to inhibitory substances commonly present in biological samples, in contrast to PCR and others isothermal NAATs. Robust LAMP performance following little or no sample preparation has been proved in blood and stool [\[28\]](#CIT0028), serum [\[29\]](#CIT0029), cerebrospinal fluid [\[30\]](#CIT0030), nasopharyngeal swabs [\[31\]](#CIT0031) and urine samples [\[32\]](#CIT0032).

LAMP background has been built upon more than 1000 scientific articles since the year 2000, which describe a diversity of applications targeting bacteria [\[19\]](#CIT0019), viruses [\[33\]](#CIT0033), viral variations [\[29\]](#CIT0029), fungi [\[34\]](#CIT0034) and parasites [\[35\]](#CIT0035).

Eiken Chemical Company (Tokyo, Japan) has developed and commercialized the LAMP method for both DNA and RNA amplification kits targeting laboratories that develop home-made techniques. In addition, this company offers a variety of kits for the detection of human pathogens in food or environment such as *Salmonella*, *E. coli O157*, *Listeria monocytogenes*, *Campylobacter*, *Legionella*, *Giardia* and *Cryptosporidium*. In addition, Eiken Chemical in collaboration with Foundation for Innovative New Diagnostics and the Hospital for Tropical Diseases has recently developed a field-stable LAMP kit for malaria for the detection of all species of human malaria parasites [\[36,37\]](#CIT0036 CIT0037). The validation of a commercial loop-mediated isothermal amplification assay (TB-LAMP) for the detection of tuberculosis has been recently reported by Eiken and is expected to be launched into the market soon together with a kit for human *African trypanosomiasis*. The LAMP technology has also been implemented in the Illumigene (Meridian Bioscience, Cincinnati, OH, USA) assay for rapid diagnosis of *Clostridium difficile*, *Mycoplasma pneumonia*, Group A *Streptococcus* and Group B *Streptococcus.* In addition, Amplex Biosystems (Gießen, Germany) have commercialized the eazyplex^®^ SuperBug that detects carbapenemases antibiotic resistances (covering KPC, NDM, OXA-48, VIM and the *Acinetobacter baumannii* belonging Oxa-groups OXA-23 like, OXA-40 like and OXA-58 like) and the eazyplex SuperBug CRE, which also includes ESBL genes of CTX-M-1 and CTX-M-9 families. All these tests take between 15 and 30 min for results. It is also of interest to note that real-time PCR devices can be used for isothermal amplification and detection although less complex instruments are specifically aimed for this purpose. Among others, both Instrument Genie^®^ II (Optigene, Horsham, UK) and Instrument Genie III allow isothermal amplification and detection by fluorescence, whereas Ilumipro-10 (Meridian Bioscience, Cincinnati, OH) detects amplification products by turbidity.

Due to its rapidness, specificity, robustness, simple equipment and the possibility to process almost raw samples, LAMP is a suitable method for low-cost POC utilization, in combination with other technologies such as microfluidics. Since a first microfluidic disc for detection of hepatitis B virus reached an analytical sensitivity of about 50 copies per reaction within 60 min measured by turbidity [\[38\]](#CIT0038), a significant number of POC devices based on LAMP have been developed: that is, a multichannel microfluidic device based on LAMP turbidity with a need of only 0.4 µl for detection of the swine virus in less than 1 h [\[39\]](#CIT0039) or a multiplex microfluidic RT-LAMP device able to distinguish three types of influenza A substrains with a detection limit of 20 copies per reaction in 30 min [\[40\]](#CIT0040). In a similar way, a colorimetric device based on a RT-LAMP assay has been reported to detect hepatitis E virus by visual detection with a limit of detection of 10 copies and low handling and equipment requirement [\[41\]](#CIT0041). Last year a completely automated POC device termed Microfluidic Biomolecular Amplification Reader was reported to process raw samples through combination of molecular, microfluidic, optical and electronic technologies. This battery-powered instrument, which uses light emitting diodes and phototransistors, is able to detect the HIV-1 integrase gen in 70 min [\[42\]](#CIT0042). Recently, a novel microfluidic biochip has been manufactured that integrates LAMP, line probes assay and giant magnetoresistive sensors, having high analytical sensitivity for hepatitis B virus detection (10 copies per ml^-1^) in 1 h [\[41\]](#CIT0041).

Helicase-dependent amplification {#S0002-S2004}
--------------------------------

Helicase-dependent amplification (HDA) [\[43\]](#CIT0043) is an elegant method based on a natural DNA replication mechanism, without the need of a denaturation step like PCR. Originally HDA process was performed through three different proteins (plus Polymerase): the DNA helicase, which unwinds the dsDNA, and two additional proteins [(Figure 2)](#F0002). Nevertheless, the new thermostable helicase Tte-UvrD from *Thermoanaerobacter tengcongenesis* is able to work at 65°C, allowing more specific reactions without both MutL and SSB [\[44\]](#CIT0044). HDA amplification usually takes 60--120 min, at least for low-copy numbers, but possible modifications for optimization can be done [\[45\]](#CIT0045). Although only a single set of primers is needed for HDA, few multiplex HDA applications have been developed so far such as a duplex-detection of pathogens *N. gonorrhoeae* and *Staphylococcus aureus* by combining HDA with microarray-based detection [\[46\]](#CIT0046), and a 4-plex detection assay for four different genes from the same organisms [\[47\]](#CIT0047). HDA is compatible with diverse detection mechanisms like fluorescent detection [\[48\]](#CIT0048) or electrochemical DNA detection with gold nanoparticles [\[49\]](#CIT0049). This technology has been successfully used for different types of samples including urine [\[45\]](#CIT0045), stool [\[50\]](#CIT0050), blood [\[3\]](#CIT0003) and plasma [\[51\]](#CIT0051).

![**Helicase-dependent amplification. (A)** Helicase unwinds the dsDNA. **(B)** SSB protein prevents premature strand reassociation. **(C)** Primer hybridizes with the target and is extended by the DNA polymerase while helicase continues unwinding the dsDNA remaining. **(D)** New dsDNA copy is formed as a product and is able to go into to a new cycle.](IERO_A_940319_F0002_B){#F0002}

BioHelix (Beverly, MA, USA), the developers of HDA technology, commercialize diverse kits for end point or real-time HDA detection such as IsoAmp^®^ II Universal tHDA and IsoAmp III Universal tHDA Kit. These kits are aimed for further development of home-made techniques. In addition, a BESt Cassette Type II for lateral flow detection in 5--10 min has reached the stage of early commercialization. Several assays have being developed for the detection of, for example, *S. aureus* [\[52\]](#CIT0052), or HIV-1 [\[51\]](#CIT0051) by lateral flow with a time of detection of 20--40 min. However, only the kit for *Herpes simplex* virus detection (IsoAmp HSV) by Biohelix is currently available in the market [(Table 1)](#T0001).

Andresen *et al*. [\[46\]](#CIT0046) developed a HDA/microarray for the detection of *N. gonorrhoeae* and *S. aureus* in 2 h, in single or a duplex way and therefore suitable for the simultaneous detection of various pathogens. This microarray could be regarded as the first fully integrated microfluidic device that combines sample preparation and real-time HDA with capability to detect 100 genomic copies. Nonetheless, this method does not improve time to detection of PCR techniques and neither does the device developed by Mahalanabis *et al.* for *E. coli* detection [\[50\]](#CIT0050). In contrast, Ramalingam *et al*. [\[53\]](#CIT0053) designed a microfluidic device where all flow is by capillarity and absorbent pad, without pumps or valves. Such device allows for HDA real-time detection of SARS-coronavirus in 30 min. In addition, Zhang *et al.* [\[54\]](#CIT0054) presented a droplet microfluidic integrative technique where isolation, HDA amplification and detection occur in the same chip. Finally, steps in the direction of free-electricity pathogen detection have been done combining a nearly power-free nucleic acid extraction with an electricity-powered isothermal amplification assay for diarrhea diagnosis [\[55\]](#CIT0055).

HDA seems to be an appropriate method for low-cost POC utilization. However, the relatively modest detection limit \<100 copies achieved demands further improvement in sensitivity.

Recombinase polymerase amplification {#S0002-S2005}
------------------------------------

Recombinase polymerase amplification is a low-temperature (37--42°C) isothermal amplification method that uses three proteins in the reaction [\[56\]](#CIT0056): recombinase protein, DNA polymerase and DNA-binding protein (gp32) to prevent reannealing. RPA facilitates amplification in 20--40 min [(Figure 3)](#F0003). Detection methods such as intercalating dyes, molecular beacons and TaqMan technologies are incompatible with RPA. For this reason, other detection strategies such as Twist-Ampexo and TwistAmp fpg have been developed by using sequence-specific probes.

![**Recombinase polymerase amplification. (A)** Recombinase exchanges primers with the target DNA template. **(B)** SSB prevents premature strand reassociation while primes anneal with target DNA. **(C)** DNA polymerase synthesizes new DNA strands unwinding remaining dsDNA. **(D)** Two dsDNA molecules are generated and can again repeating the cycle.](IERO_A_940319_F0003_B){#F0003}

Successful detection of less than 10 copies of HIV-1 DNA within 20 min has been documented for a RPA assay [\[57\]](#CIT0057). Likewise, a real-time reverse transcription recombinase polymerase amplification assay has been developed for fast detection of foot-and-mouth disease virus within 10 min [\[58\]](#CIT0058) or bovine coronavirus in 10--20 min [\[59\]](#CIT0059) as well as for targeting different viruses and bacteria biothreat agents [\[60\]](#CIT0060).

TwistDX (Cambridge, UK) commercializes a variety of RPA products for developing both end point and real-time assays such as TwisAMP and TwistAmp^®^ exo (probe included), but primers and template have to be supplied by the user. This company also has commercial kits for detection of *Salmonella, L. monocytogenes, Campylobacter* and *Red snapper* (fish) determination [(Table 1)](#T0001), together with some devices to perform amplification and detection like the T-16 Isothermal Device, Twirla™ and Twista^®^ portable real-time fluorometer.

Being a novel technology, there is little background about RPA. However, it appears to be one of the fastest amplification techniques, which is an appealing feature for adaptation to POC devices. In this regard, a fully automated chip with a centrifugal disc format has been developed by Lutz *et al*. This device, with pre-stored freeze-dried RPA reagents, has been described to allow detection of gene *mecA* of *S. aureus* in 20 min [\[61\]](#CIT0061). Novel development of digital RPA on a SlipChip indicates that RPA may potentially be fast and sensitive with low volumes [\[62\]](#CIT0062).

Nicking & extension amplification reaction {#S0002-S2006}
------------------------------------------

Nicking and extension amplification reaction (NEAR) is based on an isothermal method termed exponential amplification reaction [\[63\]](#CIT0063). Exponential amplification reaction uses nicking-enzymes that by nicking the DNA target expose sites for primer annealing and allow DNA amplification in a few minutes. This method seems to be strongly limited by the requirement of native restriction flanking the target sequence to be amplified [\[64\]](#CIT0064). By contrast, NEAR allows amplification of any target by adding restriction sites in flank regions. Only one strand is nicked in NEAR while, comparatively, SDA avoids the requirement of dATPαS (5′-*O*-l-thiotriphosphate) to prevent double-stranded cleavage [\[65\]](#CIT0085). NEAR meets two basic criteria that are desirable for integration into POC tests: no DNA denaturation is needed and higher tolerance to inhibition than PCR is achieved [\[65\]](#CIT0085).

Little is known about the NEAR technology, although first reports have described high analytical sensitivity for detection of *N. gonorrhoeae* and *C. trachomatis* (10 DNA copy number) and *Clavibactermichiganesis* and *Ralstoniasolnacearum* (50 copies of detection level), both of them with time to results within 10 min [\[66,67\]](#CIT0065 CIT0066).

First commercial tests based on NEAR have been launched by EnviroLogix (Portland, ME, USA) for rapid detection (within 15 min) of the plant pathogen *Clavibacter michiganesis* and *Salmonella,* with a sensitivity of 10^3^ cfu per reaction. Recently, Alere (Waltham, MA, USA) has released a detection kit that in combination with the Alere-i POC detects influenza A & B viruses in 15 min with a total cost around US\$40 [(Table 1)](#T0001).

Proof-of-concept molecular isothermal techniques {#S0003}
================================================

Rolling circle amplification {#S0003-S2001}
----------------------------

Rolling circle amplification (RCA) [\[68\]](#CIT0067) is an isothermal method based on strand displacing DNA polymerase ϕ29DNAP that is able to amplify continuously circular ssDNA [(Supplementary Figure 3)](http://informahealthcare.com/doi/suppl/10.1586/14737159.2014.940319/suppl_file/10.1586/14737159.2014.940319_suppl.doc). A peculiar feature of RCA is that the unique concatenated DNA molecule that results as a product of the reaction allows *in situ* amplification [\[69\]](#CIT0068). This characteristic could be interesting for applications in which maintenance of cellular morphology is important. Another interesting application of RCA is the ultrasensitive protein detection by sandwich immunoassay [\[70\]](#CIT0069). Intriguingly, in spite of having been described almost 20 years ago, no RCA diagnostic test targeting pathogens has reached the market yet.

Different approaches to integrate RCA into a chip have been performed up to now. Sato *et al*. created a microchip that integrates all operating processes, including RCA [\[71\]](#CIT0070). Mahmoudian *et al*. combined RCA amplification followed by electrophoresis in a lab-on-a-chip assay for *Vibrio cholerae* detection in less than 65 min [\[72\]](#CIT0071). Reiss *et al.* performed a RCA in a flow-through system that allows stretching the amplified product and visualizing it under fluorescence microscopy [\[73\]](#CIT0072).

Smart amplification process & signal mediated amplification of RNA technology {#S0003-S2002}
-----------------------------------------------------------------------------

The novel LAMP-based smart amplification process (SMAP) v.2 technology [\[74\]](#CIT0073) should not be confounded with the Signal mediated amplification of RNA technology (SmartAmp2). SMAP2 primes and enzymes are similar to LAMP, but it adopts an asymmetric primer design. SMAP2 is used to distinguish single nucleotide polymorphism clones differing by only one nucleotide, in contrast to LAMP reaction where targets have lower identity and primer design is more flexible. Therefore, in SMAP2 reactions, primers could anneal with wild-type and single nucleotide polymorphism variant through different amplification pathways by two priming event: primer priming (specific) and self-priming (nonspecific). An asymmetrical design of primers allows reducing the self-primer event that contributes to the 'background/wild-type' amplification product.

This specific design takes into account that wild-type and target sequences could just differ in one nucleotide. Five primers are required: turn-back primers (TP), folding primers (FP), boost primer (BP) and two outer primers (OP1 and OP2). A second special feature of SMAP2 is the use of Thermusaquaticus MutS, an enzyme that scans DNA and identifies mismatches with single-nucleotide sensitivity [(Figure 4)](#F0004). When MutS finds a mismatch, it binds to it in an irreversible way, blocking the action of the DNA polymerase and, consequently, DNA amplification. Both asymmetric primer design and MutS allow single-nucleotide discrimination, features that make this technique very useful for single nucleotide polymorphism identification [\[75\]](#CIT0074).

![**Smart amplification process v.2.** MutS goes over template DNA strand, and DNA polymerase drives the extension (on top). If MutS find a mismatch (black arrow), it is blocked and both MutS nether DNA polymerase are able to continue the process (bottom).](IERO_A_940319_F0004_B){#F0004}

Little information can be found in the literature about SMAP2, but this technology has been documented to have not only high specificity but also high analytical sensitivity (three copies) [\[74\]](#CIT0073). Precise design of primers is needed to achieve desirable specificity and sensitivity, especially in relation to TP primers [\[76\]](#CIT0075) and FP primers [\[77\]](#CIT0076). The use of SMAP2 for infectious disease diagnosis is still limited. A first progress has been made in the detection of pandemic flu within 40 min based on this technique coupled to a reverse transcriptase reaction (RT-SMAP2) [\[78\]](#CIT0077). However, as far as we know, kits for research or diagnostic utilization have not been commercialized yet.

Isothermal & chimeric primer-initiated amplification of nucleic acids {#S0003-S2003}
---------------------------------------------------------------------

Isothermal and chimeric primer-initiated amplification of nucleic acids (ICAN) [\[79\]](#CIT0078) is an isothermal method (around 55°C) based on 5′-DNA-RNA-3′ chimeric primers, thermo-stable RNaseH and BcaBEST DNA polymerase with strand-displacing activity. Chimeric primers bind to ssDNA template, after initial dsDNA denaturation by heat, starting the synthesis of the new DNA strands. These strands are straightaway nicked by the RNase action at the penultimate 3′ RNA residue allowing DNA amplification in a repetitive cycle until the primer is too short [(Figure 5)](#F0005).

![**Isothermal and chimeric primer-initiated amplification of nucleic acid.** For clarity, the process is shown only from one strand. **(A and B)** Polymerase extension from the chimeric primer produces a dsDNA molecule. **(C)** RNAseH nicks the original primer into the 3′ extreme. **(D and E)** Strand displacing polymerase extension from nick site release a shorter ssDNA that goes into the same process until generated molecule is too short.](IERO_A_940319_F0005_B){#F0005}

The amplification product generated by ICAN technology can be detected in real time in a more sensitive way (25 times) than the conventional PCR method [\[80\]](#CIT0079). At least 2-plex detection systems have been described for simultaneous detection of *C. trachomatis* and *N. gonorrhoeae,* by luminescent probe [\[81\]](#CIT0080). In this case, analytical sensitivity between 10 and 100 copies was achieved after 3.5 h for detection.

A few approaches have been done in order to incorporate this technology into POC assays. A semiautomated POC test able to detect spores of *Bacillus subtilis* by fluorescence has been described [\[82\]](#CIT0081) as an example of biological warfare agents detection. Nonetheless, low analytical sensitivity (10^4^ spores) and long time for detection (2 h) require further improvement for effective POC application. Another POC approach is the ICAN-chromatostrip for detecting *Salmonella* invA, which was documented to have higher diagnostic sensitivity than a standard PCR assay [\[83\]](#CIT0082). An *N. gonorrhoeae* test kit (ICAN NG-QR) and a Salmonella Detection Kit for DNA chips (ICAN™ DNA) were ICAN-based products commercialized by Takara Bio (Otsu, Japan). However, no ICAN products for research or diagnostic use are available in the market at present.

Expert commentary {#S0004}
=================

The current landscape of emerging isothermal diagnostic solutions for infectious diseases covers a variety of technologies [(Table 2)](#T0002) that allow amplification of both DNA (ssDNA or dsDNA) or RNA (with a previous reverse transcriptase step). Interestingly, some methods such as LAMP, RCA and SMAP2 produce a continuous concatemeric DNA strand that could be useful for *in situ* detection. It is noteworthy that the majority of isothermal techniques have been attributed high analytical sensitivity within a range of 1--10 copies in previous studies, whereas SDA, ICAN and NEAR seem to be less sensitive. Nevertheless, since most evaluations have been performed at the development stage in academic laboratories, further studies on precommercial or available products should be undertaken to confirm these data. Certain techniques (LAMP, SMAP2, SDA, HDA, RPA and NEAR) appear to show mid-to-high tolerance to biological compounds and allow a low- or non-pretreated sample process. This could be an interesting characteristic for POC use and procedural simplicity. Denaturation is a previously needed step for some technologies as it obviously is for PCR. Since heating requirements at 95°C for DNA extraction and denaturation are moderate, this factor may facilitate their integration into power-free POC instruments that would be particularly suitable for use in remote settings [\[55\]](#CIT0055).

10.1586/14737159.2014.940319-T0002

###### 

**Table of iNAATs features.**

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Property**                            **NASBA**                        **SDA**                               **LAMP**                                       **RPA**                          **HDA**                                                         **NEAR**                              **RCA**                                   **SMAP**                                       **ICAN**
  --------------------------------------- -------------------------------- ------------------------------------- ---------------------------------------------- -------------------------------- --------------------------------------------------------------- ------------------------------------- ----------------------------------------- ---------------------------------------------- --------------------------
  Temperature (s) (ºC)                    37--42                           37                                    60--65                                         37--42                           60--65                                                          55                                    30--60                                    60--65                                         55

  Time to detection (min)                 60                               120                                   15--60                                         10--20                           60--120                                                         10--15                                10--40                                    15--60                                         60

  Number of enzyme(s)                     2--3                             2                                     1                                              3                                2                                                               2                                     1                                         2                                              2

  Product detection method                Fluorescence                     Fluorescence                          Intercalating dye, fluorescence, turbimetric   Proprietary fluorescence probe   Intercalating DNA dye, fluorescence probe, lateral flow strip   Fluorescence                          Fluorescence                              Intercalating dye, fluorescence, turbimetric   Fluorescence

  Tolerance to biological components      NO                               YES                                   YES                                            YES                              YES                                                             YES                                   NO                                        YES                                            NO

  Need to template denaturation           YES                              YES                                   NO                                             NO                               NO                                                              NO                                    NO                                        NO                                             YES

  Denaturating\                           RNAseH                           Restriction enzymes, bumper primers   Betaine                                        Recombinase enzyme               Helicase                                                        Restriction enzymes                   Strand--displacement ϕ29 DNA polymerase   Betaine                                        Heat
  agent (s)                                                                                                                                                                                                                                                                                                                                                                                     

  Analytical sensitivity (copies)         1--10                            \>10                                  1--10                                          1--10                            100                                                             \>10                                  \>10                                      1--10                                          10--100

  Multiplex demonstrated                  YES                              NO                                    YES                                            NO                               YES                                                             YES                                   NO                                        NO                                             YES

  Primer required                         2                                2 DNA/RNA chimeric + 2 bumpers        4                                              2                                2                                                               2 DNA/RNA chimeric                    1                                         4                                              2 DNA/RNA chimeric

  First publication                       1991                             1992                                  2000                                           2006                             2004                                                            2007                                  1996                                      2007                                           2002

  Intellectual property                   Cangene Corp, Winnipeg, Canada   Becton, Dickinson & Company. USA      Eiken Chemical Co, Japan                       TwistDX, UK                      Biohelix, USA                                                   Ionian Technologies, San Diego, USA   Various                                   NA                                             Takara Bio (Otsu, Japan)

  Type of diagnostic product (marketed)   Reagents/\                       Reagents                              Reagents/\                                     Reagents/\                       Reagents/\                                                      Reagents/\                            NA                                        NA                                             NA
                                          device                                                                 device                                         device                           device                                                          device                                                                                                                         

  Type of detection (marketed)            End point/real time              Real time                             End point/real time                            Real time                        End point/real time                                             End point/real time                   NA                                        NA                                             NA

  Estimated cost per test^†^ (US\$)       34--45                           N.A                                   25--65                                         7--19                            9--20                                                           34--47                                NA                                        NA                                             NA

  Articles number                         \>900                            \>150                                 \>900                                          \<20                             \>40                                                            \<10                                  \>250                                     \<10                                           \<10
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Grey cells, techniques with no commercial diagnostic test currently available.

^†^Estimated costs per test are subject to variations by countries, distribution logistics and companies, among other multiples factors.

HDA: Helicase-dependent amplification; ICAN: Isothermal & chimeric primer-initiated amplification of nucleic acids; LAMP: Loop-mediated isothermal amplification; NA: Not available; NASBA: Nucleic acid sequence-based amplification; NEAR: Nicking and extension amplification reaction; RCA: Rolling circle amplification; RPA: Recombinase polymerase amplification; SDA: Strand displacement amplification; SMAP: Smart amplification process.

The integration of isothermal techniques into POC devices offers the advantages of simple instrumentation and the possibility of certain technologies to process raw samples, thus reducing costs of products and processes involved. However, most emerging isothermal near-POC or POC applications have only reached a proof-of-concept stage. Further evaluation studies are needed to determine their feasibility for commercialization.

Five-year view {#S0005}
==============

Interest and expectation around POC disease diagnostics are increasing. Specifically, there has been an exponential growth of near-POC or POC developments based on PCR and isothermal amplification technologies for diagnosis of infectious diseases in the last years. Because of their competitive advantages, isothermal technologies are likely to become reference chemistries for future POC applications and could gradually displace PCR-based solutions. Diverse isothermal-based technologies are tacking technical challenges at the micro-scale and finding their way to market. Low sample volume handling, low concentration of target, complex signal amplification due to low concentration, target instability and compatibility and integration of the various device subsystems have been identified as major hurdles for the development of POC assays.

It appears that LAMP has reached a higher degree of maturity than other isothermal techniques to overcome such hurdles, according to the number of related developments and products. However, technical potentialities of LAMP or any other competing chemistries do not automatically guarantee their future adoption. In addition to further validation in clinical labs to obtain solid results, a range of cultural, organizational, economic and regulatory barriers may undermine successful deployment of diagnostics at the point of care, either isothermal or based on other technologies. One of the main challenges for effective implementation in the upcoming years will be to gain a positive perception from end users and healthcare providers. Since rapid diagnosis by POC assays alleviates patient anxiety and eliminates return visits for results, it appears that delivery of diagnosis on site will be well accepted by end users. However, acceptance of decentralized diagnostics by healthcare providers will imply important changes in clinical practices, workloads and logistics. New frameworks will need to be designed at the point of contact between the patient and the healthcare system to ensure adequate on-site sample collection, test performance and quality control of results [\[84\]](#CIT0083).

Similarly, protocols of communication between healthcare centers and public health agencies will have to be put in place so that results of POC assays are properly captured and registered for adequate centralized surveillance and control of infectious diseases. Another challenge to be met in the near future will be to establish the final price for a POC test that is acceptable to payers, not only in terms of low cost but also of willingness to pay. It will be important to optimize costs of reagents, materials and systems of mass production and assembly of device components. Nonetheless, the final decision to purchase a POC test or a centralized laboratory test will not strictly be which test is cheapest or faster but rather the cost of the test needed to provide the desired clinical benefit [\[85\]](#CIT0084). On the other hand, future widespread use of POC devices will be constrained by nonharmonized regulatory conditions for commercialization of POC devices in diverse geographical markets, especially in Western countries.

Being aware that unexpected events may encourage or limit evolution toward near-patient diagnostics, we envision two scenarios where initial adoption of isothermal POC tests is more plausible within a timeframe of 5 years. Core laboratories, which are usually located in referral hospitals of industrialized countries, will presumably be the first market segment to be penetrated. Such environments are already familiarized with performance of PCR and other NAATs and can easily evaluate characteristics of isothermal POC solutions against current methods. Minor organizational changes may be needed for implementation of isothermal assays in specialized laboratories, but it will be fundamental that they prove to have sensitivity and specificity comparable to gold standard techniques for pathologies of complex etiology, most prevalent in referral hospitals. The demonstration of cost--effectiveness will also be required prior to adoption to ensure sustainability of diagnostic services. POC applications that would be best valued referral hospitals could be assays targeting diagnosis of time-critical, chronic or highly transmissible infections, as well as differential diagnosis of infections with common symptoms and different treatments and those requiring complex, toxic or expensive therapies. In a mid-term time, POC applications may be able to migrate from core laboratories to other areas within the referral hospital (emergency wards, intensive care units) and beyond (second-level hospitals, primary care), provided that they maintain diagnostic accuracy, rapidity and cost--effectiveness and allow use by nonspecifically trained personnel.

A second scenario for the implementation of POC testing in the next years will be the global health market. The WHO estimated that in 2008 resource-limited countries experienced 241 million cases of malaria, 2.8 million new infections with HIV, 7.8 million cases of reactivated TB and 217 million cases of bacterial pneumonia [\[86\]](#CIT0086). In fact, simple inexpensive POC tests based on antibody detection that are close to the 'ASSURED' ideal are already available in most developing countries in a lateral-flow or dipstick format (i.e., for the diagnosis of human immunodeficiency virus infection). It also needs to be highlighted that the majority of population in the developing world resides in remote rural areas, so patients often travel long distances to primary healthcare settings and thus may be unable to return for test results. Moreover, primary care infrastructures may have poor availability of trained technicians and limited electricity supply for equipment or refrigerators for the storage of reagents. Portable, extremely low-cost, very easy-to-use isothermal POC tests that provide rapid visual readouts with minimal instrumentation and reagents stable at room temperature would have wide acceptance in this scenario. In particular, it is expectable that mobile phones, which are prevalent in the developing world, will become fundamental complements of POC applications since they can contribute capabilities of battery-powered supply, readout and connectivity for transmission of results. The big size of the global health market and its urgent need for more accessible diagnostics offer attractive opportunities for manufacturers that have the ability to scale up POC applications and reduce prices. While margins may be low in the poorest countries, POC products may allow profitable commercialization in emerging middle-income countries. Those applications that target infections with a heavy burden on global health or that match with those occurring in developed countries may have higher potential for success in the short term.
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###### 

Key issues

-   An ideal diagnostic test should meet the 'ASSURED' criteria: affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and delivered to those who need it.

-   Current PCR-based devices, even those intended for application at the point of care, need to be instrumented for performing thermal cycling amplification steps and have limited portability and affordability.

-   Molecular isothermal amplification technologies may facilitate development of electricity-free, non- or minimally instrumented point-of-care devices that could be particularly suitable for use in developing countries.

-   Proof-of-concept studies in academic laboratory environments have reported that most isothermal techniques have similar or better sensitivity, specificity and rapidness than PCR assays.

-   Further studies in real field conditions are needed to validate the promising diagnostic characteristics of isothermal techniques.

-   Loop-mediated isothermal amplification, smart amplification process & signal mediated amplification of RNA technology, helicase-dependent amplification, strand displacement amplification, recombinase polymerase amplification and nicking and extension amplification reaction are isothermal techniques with mid/high tolerance to inhibitory compounds that allow the use of raw samples without any pretreatment step, which may be an interesting feature for PCR-based point-of-care (POC) testing.

-   Isothermal techniques such as loop-mediated isothermal amplification, nicking and extension amplification reaction and recombinase polymerase amplification could be adequate for integration into POC tests due to their rapidness.

-   The introduction and use of isothermal POC applications will need to meet the diverse organizational, economic and regulatory challenges before successful adoption.

-   Central laboratories in industrialized countries and primary health centers in resource-limited countries are the most plausible scenarios for the deployment of isothermal POC tests in a 5-year view.
